Abstract: The performance of relativistic density functional theory (DFT) methods has been investigated for the calculation of the recently measured hyperfine couplingc onstants of hexafluorido complexes [ReF 6 ] 2À and [IrF 6 ] 2À .T hree relativistic methods were employed at the DFT level of theory:t he 2-component zeroth-order regular approximation (ZORA) method, in which the spin-orbit couplingw as treated either variationally (EV ZORA)o ra saperturbation (LR ZORA), and the 4-component Dirac-Kohn-Sham (DKS) method. The dependence of the resultso nt he basis set and the choice of exchange-correlation functional wass tudied. Furthermore, the effect of varying the amount of Hartree-Fock exchange in the hybrid functionals was investigated. The LR ZORA and DKS methods combined with DFT led to very similar deviations (about 20 %) from the experimentalv alues for the coupling constant of complex [ReF 6 ] 2À by using hybrid functionals. However,n one of the methods were able to reproduce the large anisotropy of the hyperfine coupling tensoro f complex [ ,t he EV ZORA and DKS methods reproduced the experimental tensor components with deviations of % 10 and % 5% for the hybrid functionals,w hereas the LR ZORAm ethod predicted the coupling constant to be aroundone order of magnitude too large owing to the combination of large spin-orbit coupling and very low excitation energies.
Introduction
The magnetic properties of the seemingly simple hexafluorido complexes of Re IV ,h ave recently attracted al ot of interest because they were shown to be suitable building blocks for single-molecule magnets. [1, 2] They also exhibit an interesting electronic structure, which characterizes their single-ion magneticb ehaviour:alarge zero-field splitting (ZFS) in the case of [ReF 6 ] 2À ,w hich is induced by strong spinorbit coupling, andi nt he case of [IrF 6 ] 2À ,a ne quallys trong spin-orbit coupling without ZFS.
EPR spectroscopy is an essentialt ool for the structurala nd magnetic characterization of transition-metal complexes;t he spectra are conventionally interpreted in terms of three parameters:t he electronic g-tensor, the hyperfine coupling tensors, and the zero-field splitting tensor.A ccurate calculations of these EPR parameters are desired to predict the magnetic properties of similar compoundsa sw ell as to facilitateadetailed interpretation of the EPR experiments. In addition, quantum chemical methods can provide detailed information about the given property, such as the magnitude of the contributions from different mechanisms or the dependence on, for example, geometry or environment. In this work we have focussed on the hyperfine coupling.
Several mechanismsc ontributet ot he hyperfine coupling constant,a nd they have to be treated properly to obtain results in good agreement with experimental values. In non-relativistic theory,t he only mechanism of the isotropic hyperfine couplingi st he Fermi-contacti nteraction, which describes the interaction betweent he electronic and nuclear spin when an electron is located at the position of the nucleus. Thisi nteraction requires that the spin density in the area close to the nucleus is properly described by the computationalm ethod, which affects several aspects of aq uantum chemical calculation. The quality of the basis set is critical; in particular, the number of tight s-functions is important,w hichh as led to the development of specialized core-property basis sets for the lightert ransition metals. [3] [4] [5] It has been shown that aG aussian description of the nuclear charge(as an alternative to the standard non-relativistic point chargem odel)c an significantly improve the agreement with experimental results. [6] [7] [8] In density functional theory calculations of hyperfine couplings, the spin polarization of the core electrons should be properly described by the exchange-correlation functional. [9] Several studies have shown that the qualitative performance of various exchangecorrelation functionals differs from system to system;therefore, the dependence on the exchange-correlation functional of a desired property mustb ei nvestigated for each class of systems. [5, 9, 10] When considering the hyperfine coupling in complexes that involvee lements with large nuclear charges, such as Re and Ir, relativistic effects have to be taken into consideration. [11, 12] Relativisticc ontributions to hyperfine couplingsa re often divided into two parts:as calar relativistic contribution and as pinorbit coupling contribution. In the first row of the transition metals,s calar relativistic effects dominate, and therefore, more studies have consideredt his effect, whereas spin-orbit coupling effects were ignored or treated in an approximate manner.I nt he second and especially the third row of the transition metals, spin-orbit coupling effects can dominate the hyperfine coupling interaction;t herefore, their accurate description is necessary. [13, 14] The highest currently availablel evel of theory with respect to relativistic effects is to start from the Dirac equation, to treat the nuclear magnetic momentsa sp erturbationst of irst order and to use some approximation of the electron-electronr epulsion. The mostc ommon approach is to use the Dirac-Coulomb Hamiltonian;h erein, we will call this a fully relativistic 4-component calculation. Am ore approximate treatment is to work only with the large component of the Dirac spinor, that is, a2 -component treatment, which can be derived from the Dirac equationb yf irst eliminating the small component of the four-component wave function followed by the regular approximation approach. [15] This is frequently employed in the form of the zeroth-order regular approximation (ZORA). [16] Scalar relativistic terms are alwaysi ncluded in these treatments, whereas spin-orbit coupling can either be included variationally or by perturbation theory on top of the perturbation from the nuclear magnetic moments, which leads to a second-order perturbation theory treatment.
In ,p ose for the three theoretical methods. In addition, we review the theoretical background of the three methods in ac ommonn otation with focus on the calculation of the differentc ontributions to the hyperfine couplingt ensors. Specifically,t his is the first time that the expressions for the contributions that arise in the DKS methoda re presented.
The article is organized as follows:i nitially, we have reviewed the theory of hyperfine coupling within the three relativistic methods;t hen in the following three sections, we have reported the detailso fo ur calculations, discussed the results, and drawn our conclusions.
As hort review of the theoretical background ZORA with variational treatment of spin-orbit coupling The 2-component ZORA hyperfine Hamiltonian consists of the derivativewith respect to ac omponent of the nuclears pin, I N,u , of the 2-component ZORA Hamiltonian [16] in the presence of magnetic fields (SO-ZORA), [13, 14] which is given (here andi nt he following) in the Hartree system of atomic units [Eq. (1)]:
in which K ¼ 2c 2 =ð2c 2 À VÞ, s is the vector that consists of the three Pauli spin matrices, p ¼ Àir is the momentum operator, r N ¼ r À R N is the position vector of the electron relative to the positionofn ucleus N,and r N ¼jr N j is the length of r N .The subscript u in Equation (1) indicates that the operator is perturbed by the u component of the nuclear spin, I N .Inthe non-relativistic limit, for which K!1, the first term in Equation (1) takes the form of the nuclear-spin/electron-orbit operator, and the last two terms reduce to the usual Fermi-contact and spin-dipolar operators. When evaluating the derivatives of the last two terms in Equation (1), ap urely relativistic operatora rises [Eq. (2)] (last two terms) as well as the ZORA analogues of the Fermi-contact and spin-dipolar operators (first two terms): [17] 
In the DFT-based EV ZORA implementation in the ADF program, [18] the hyperfine coupling tensor was calculated in ar estrictedf ashion on the basis of aK ramer'spair of the singly occupiedm olecular orbital (f 1 and f 2 ). [13, 14] Consequently,t his method applieso nly to doublet systems and the elements of the hyperfine coupling tensoro fn ucleus N, A N ,a re calculated as described in Equations (3)- (5):
in which g N is the nuclear g-factor of nucleus N and m N the nuclear magneton. Notably,t he current implementation does not allow for the calculation of the individual terms in the ZORA hyperfine Hamiltonian in Equation (2) .
ZORA with perturbativetreatment of spin-orbit coupling
In the LR ZORA formalism that wasi mplementedi nt he ADF program, [8, 18] spin-orbit coupling was treated as af urtherp erturbation,a nd an elemento ft he hyperfine coupling tensor was calculated as as econd derivative of the perturbed energy with respectt oboth nuclear and electron spin [Eq. (6)]:
By applying the Hellmann-Feyman theorem to the perturbed DFT energy,o ne obtains an expectation value of the derivativeo ft he hyperfine ZORA Hamiltonian in Equation (1) over the unperturbed ground state. As the unperturbed molecular orbitals f ð0Þ i were obtained with the scalar relativistic ZORA Hamiltonian, the spin degree of freedom can easily be integrated out,w hich allows for the spin derivativei nE qua- (6) to operate inside the integral. Consequently,t he expression for an element of the first-order contribution to the hyperfine coupling tensorr educes to the ZORA Fermi-contact and spin-dipolar contributions [Eq. (7)]:
in which P ð0ÞaÀb tl is the unperturbed scalar relativistic spin density matrix, see ref. [8] fort he exact expression and more details, n a and n b are the number of electrons with a and b spin and c l;t are the one-electronb asis functions. The scalar-relativistic (spin-free) ZORA (SR-ZORA) Fermi-contact and spin-dipolar operator takes the following form [Eq. (8)]:
Notably,t he two purely relativistic contributions (the two last terms) are considered as ap art of the Fermi-contact and spindipolar contributionsint he LR ZORA formalism. The integrals of the ZORA PSO operator over the unperturbed orbitals will not contributet ot he total hyperfine coupling tensor.T oi nclude this contribution, one has to let the molecular orbitals be perturbed by the spin-orbit interaction, that is, to solve the coupled perturbedK ohn-Sham equations. Details of this approachcan be found in ref. [17] in the case of nuclear spin-spin coupling and ref. [19] for the implementation of molecular g-tensors. Thus, an element of the spin-orbit contribution to the hyperfine couplingt ensorc an be written in terms of the perturbed spin density matrix, P ðvÞaÀb tl [Eq. (9)]:
in which the spin-free ZORA paramagnetic spin-orbit operator is given in Equation (10):
4-Component Dirac-Kohn-Sham method
Finally,i nt he 4-component Dirac-Kohn-Sham method, which is implemented in the ReSpect program, [20] an element of the hyperfine coupling tensori sc alculated as the derivative of the perturbed DFT energy with respectt oacomponent of the nuclear spin I N;u [Eq. (11)]: [6] A N;uv ¼ 1
in which hSi is the effective spin of the system (1/2 for doublets, 1f or triplets etc.), J v is the v component of the magnetization vector,a nd I N is the spin of nucleus N. Applying the Hellmann-Feynman theorem led to an expectation value of the derivative of the Dirac Hamiltonian with respectt on uclear spin [Eq. (12)]:
in which f J v ðÞ i denotes the occupied 4-spinor molecular orbitals. The hyperfine Dirac-Kohn-Sham Hamiltonian [Eq. (13)] is the simple cross product between the Dirac matrix, a,w hich consists of the three Pauli spin matrices [Eq. (14)] andt he relative vector between the electron and nuclear positions, r N :
The superscript J v indicates that the molecular orbitals depend on the chosen directiono fm agnetization, v,a sd escribed in refs. [21] and [22] .I nr ef. [6] ,t he use of ar estricted kinetically balanced basis set is described, which leads to the following final expression [Eq. (15)]:
for which the density matrix is given in Equation (16):
are the i'th molecular orbital coefficients of the large and small part of the 4-spinor orbitals. L N;u consists of matrix elements over the large and smallc omponent basis functions with the off diagonal part of the operator in Equation (13) . After applying restricted kinetic balance in the construction of the small component basis, these matrix elements turn out to consist of four contributions, all of which are explicitly calculated in the current implementation. These terms take the usual form of the Fermi-contact,s pin-dipolar,a nd paramagnetic spin-orbit operators (FC, SD andP SO) as well as a purelyr elativistic contribution (here denoted REL) analogues to the last two terms of Equation (2) 
L y u has contributions from the PSO operator andt he negative of the REL operator only.T he resulting four contributions to an elemento ft he hyperfine coupling tensor are consequently calculated as follows [Eqs. (21)- (24)]: (2)i ons. The available experimental EPR spectra [1, 2] were measured on the diamagnetic coordination polymers with alternating metal centres, Zn(viz) 4 [ZrF 6 ], that were doped with % 5a nd % 1% of the fluorido complexes 1 and 2 respectively (Figure 1 ). The Zr IV chain that acts as the host for the Re IV and Ir IV fluorido complexes is isostructural with the undiluted Re and Ir chains and crystallizes in the P4 2 /n space group with the tetravalent metal centres on special positions with tetragonal symmetry.T his ensures strictly axial and co-parallel g-a nd Atensors. The geometries used in all calculations presented in this work are the experimental X-ray structures of complexes 1 and 2 in the polymer Zn(viz) 4 [MF 6 ]( M= Re, Ir) without further geometry optimization.
The chain structure caused as light elongation of the MÀFb onds in complexes 1 and 2 along the chain direction, which resulted in axial symmetry.A saconsequence, two metal hyperfine parameters were extracted from the experimentally determined EPR spectra, [1, 2] which are denoted the parallel and perpendicular components A k and A ? .I no ur calculations, A k and A ? were determined from the principal components of the hyperfine coupling tensor.T wo of the principal components will be equal and thus resemble A ? ,a nd the unique component will be A k .
The hyperfine coupling tensor does not transform as at rue tensor, and the principal values were determined as the square roots of the eigenvalues of the "squared" hyperfine tensor A Á A T . [23] The eigenvectors of this true tensor then make up its so-called principal axis system. Following this procedure, the principal values were absolute values. The isotropic hyperfine coupling constant was calculated by using Equation (25) :
The individual contributions to the isotropic hyperfine coupling constant should, in principle, also be calculated by following the above described procedure. However,a st he relative signs of the contributions would be lost, these values were based on the principal values of the respective symmetrized tensors,
For both compounds, the expected spin states have previously been established by magnetometry; [1, 2] 
Programs and basis sets
The 2-component ZORA calculations that treat spin-orbit coupling either variationally (EV ZORA) or as ap erturbation (LR ZORA) were carried out with the ADF program [8, 14, 18] at the DFT level. The EV ZORA method was implemented in as pin-restricted fashion, and accordingly,s pin polarization effects were not taken into account. In contrast, the LR ZORA method employs the unrestricted scheme and uses the collinear description of spin density.F or consistency, the collinear option was also employed in the EV ZORA calculations. The Slater-type orbitals (STO) basis sets, DZ, TZ2P,a nd QZ4P, which were optimized for ZORA calculations, were employed. Convergence in all 2-component ZORA calculations was obtained with at hreshold of 4 10 À3 for the linear dependence of basis functions.
The unrestricted 4-component calculations were carried out within the Dirac-Kohn-Sham (DKS) framework, as implemented in the ReSpect program with restricted kinetic balanced basis sets and noncollinear spin density. [20, 6] Dyall's Gaussian-type orbital (GTO) valence basis sets, vdz, vtz, and vqz, were used. [24, 25] Both the ZORA and the DKS results were obtained with the GGA exchange-correlation functional BP86 [26, 27] as well as the hybrid functionals B3LYP [28] and PBE0 [29] with 20 and 25 %H artree-Fock exchange, respectively.I na ll self-consistent-field (SCF) calculations, aG aussian-type nucleus model was employed along with an SCF convergence criteria of 10 À6 . Figure 1 . Illustration of the coordination polymerZ n(viz) 4 Results and discussion
Basis set dependence
Calculations of magnetic properties are knownt op ut extra requirements ont he quality and size of basis sets compared with simple calculations of energies. [30] For example, previous studies showed that, in ZORA calculations of nuclear magnetic shieldingc onstants,i tw as important to use the large QZ4P basis sets. [31, 32] Therefore, we also studied the basis set dependence of both the ZORA and DKS resultsf or the hyperfine coupling constants in both ions. Ta ble 1s hows the LR ZORA and EV ZORA results of the isotropic hyperfine coupling constant of Re IV and Ir IV complexes, respectively,w hich were obtained with the special ZORA STO basis sets DZ, TZ2P,a nd QZ4P,a s well as DKS 4-component results, whichw ere obtainedw ith Dyalls vdz, vtz, and vqz GTO basis sets.
Evidently,t he isotropic hyperfine coupling constant changed only slightly but in ac onsistent manner when the basis set was increasedb yu sing the DKS methoda nd Dyall's basis sets, whereas we observed the same irregular,no-monotonic behaviour of the ZORA basis sets, as seen previously, for nuclear magnetic shielding. [31, 32] It was shownt here, that the increasing cardinal number and the increasing amounto fp olarization functions have opposite effects, which lead to an oscillating and not yet converging behaviour.T herefore, the change from the TZ2P to the QZ4Pb asis set in the ZORA calculations still led to ac hange in the isotropic hyperfine coupling constants of 8a nd 3% for [ReF 6 ] 2À and [IrF 6 ] 2À ,r espectively.T herefore, in the following sections, the ZORA results are all with the QZ4P basis set, whereas the DKS results are with the vdz or vtz basis set, whichi ss tated in each section, asw es ee only a small change between the results with the vdz and vqz basis set.
Effect of exchange-correlation functional and amount of Hartree-Fock exchange
In Ta ble 2, the metal isotropich yperfine coupling constants calculated att he 2-and4 -component levels with the GGA functional, BP86, and the hybrid functionals, B3LYP and PBE0, are shown along with the experimental values. It was not possible to obtain acceptable convergencew ith the BP86 functional in combination with the DKS method.
Three conclusions can be drawn when the relative deviations from the experimental values are considered. Firstly,f or both relativistic methods and all three functionals, the deviations from the experimental values were considerably smaller for complex [ 2À system, the approximate 2-componentL R ZORA resultss eemed to be in marginally better agreement with the experimental values than the 4-component DKS results. However,n either of the two methodsi nc ombination with DFT performedv ery well for this complex. Thirdly,f or both complexes and both relativistic methods, the hybrid functionals reduced the deviation from the experimental values compared with the pure GGA functional.
This difference between GGA and hybrid exchange-correlation functionals was investigated further by followingt he procedureo fo therr ecent studies, [10, 33] in which it was shown that raisingt he amount of Hartree-Focke xchange in the PBE0 functional increased the agreement with the experimental values. In Figure2,i ti ss hown how the perpendicular and parallel components of the hyperfine coupling tensor,a sw ell as the isotropic hyperfine coupling constant, depend on the amount of Hartree-Fock exchange in the PBE0 functional. The resultsw ere obtained at the 4-component DKS level with the vdz basis set (circles) and the 2-component ZORA level with the QZ4Pb asis set (triangles). The left axis shows the absolute valuesa nd the right axis showst he relative deviation of the calculated isotropic resultsf rom the experimental isotropic values. The experimental values are shown as solid lines.
The [ReF 6 ] 2À resultsshow alinear dependence of the parallel, perpendicular,a nd isotropic hyperfine coupling constants on the amounto fH artree-Focke xchange. The isotropicv alue agreesw ith the experimental values at around5 0% HartreeFock exchange. However,t he experimental splittingo ft he par- .F rom the DKS values, we can concludet hat increasing the amount of Hartree-Fock exchange increases the deviation from the experimental values insteado fr educing it. The opposite was true for the ZORA values. Furthermore, the calculated DKS valuesf or the parallel and perpendicular components follow slightly different trends, which resulted in ar eordering of the components around 40 % Hartree-Fock exchange. The same behaviour was seen when the ZORA method was used;h owever,i tw as not possible to obtain good convergencew ith al arge amount of exact exchange.
For complex [IrF 6 ] 2À ,t he range of the deviationf rom the experimental values was around AE 5toAE 12 %, which is considerably smaller than the deviation that was observed for complex [ReF 6 ] 2À (À20 to + 15 %). The admixture of Hartree-Fock exchange in hybrid functionals is known to enhancet he spin polarizationo ft he core-shell electrons, [9] an effect that is often underestimated by GGA functionals, and one would expect this enhancement to affect the Fermi contact interaction more strongly than both spin-dipolara nd spin-orbit coupling interactions.A sw ew ill discussi nt he following section, the hyperfine coupling in complex [ReF 6 ] 2À was in fact dominated by the Fermi contact term, whereas the spin-orbit coupling interaction dominated the hyperfine coupling of complex [IrF 6 ]
2À
.T his presumably leads to the different behaviour of the two complexes with respectt ot he amounto fH artree-Fock exchange, althoughi na bsolute terms, the spin-orbit contribution in complex [ ReF 6 ] 2À was actually larger than in [IrF 6 ] 2À .
Importance of the treatment of the spin-orbit coupling contribution
In Ta ble 3, the contributions to the parallel, perpendicular,a nd isotropic components of the hyperfine coupling tensors, which were calculated by using the three methods LR ZORA,E V ZORA, and DKS and the standard PBE0 functional, are listed. As the EV ZORA methodo nly appliest os ystems with only one unpaired electron, no resultsa re shownf or complex [ReF 6 ] 2À , which has atotal spin of S = 3/2. Furthermore,n ocontributions are shown for the EV ZORA results, because they were not calculated explicitly.A bove, we showed that ap urely relativistic correction to the hyperfinec oupling tensor arises in both ZORA and DKS theory.I nt he LR ZORAi mplementation in ADF, this contribution was considered as ap art of the Fermi contact (FC) and spin-dipolar (SD) contributions,w hereas in the DKS implementation in ReSpect, this contribution was calculated explicitly (REL).
The resultsf or complex [ReF 6 ] 2À showedh ow the components of the hyperfine coupling tensor are indeed dominated by the Fermi contact contribution. If the DKS SD and REL contributionsa re added to the DKS FC contribution (Table 3 , F+ +S+ +R), one can see that the LR ZORA resultsa re very close to the DKS results, particularly the perpendicular component A ? .T he slightly worse agreement for the parallel component A k was caused by the spin-dipolar and spin-orbit contributions, which in DKS theory,d eviates lightly from the corresponding A ? contributions, but in LR ZORA theory,o nly the PSO/SO components differ by avery small amount.
Compared with the experimentalv alues, one observes that A ? deviates for both methods by only around 10 %, whereas a much larger deviationo fa round3 0% was calculated for the parallel component A k .F urthermore, the ordering of the two components is reversed compared with the experimental re- 2À might be because the methods did not take into account the splitting of the quartet (S = 3/2) into two effective doublet states, also known as zero-field splitting.
The components of the hyperfine coupling tensor of complex [IrF 6 ] 2À at the 4-component DKS level were dominated by the paramagnetic spin-orbit coupling contribution, which contrary to the results for complex [ReF 6 ] 2À ,h ad the opposite sign of the Fermi contact contribution.T he EV ZORA results were similar to the DKS and experimental results, but for this method, it was not possible to obtain individualc ontributions. However,t he LR ZORA results for complex [IrF 6 ] 2À were very differentf rom the EV ZORA, DKS, and experimental results. The magnitude of the Fermi contact plus the spin-dipolarc ontribution to A ? was similar to the DKS results, whereas it was almostaf actor of 3t oo large for A k .H owever,t he main difference originated in the spin-orbit contribution;c ompared to the DKS results, LR ZORA predicted ac ontribution to A k of the wrong sign and ac ontribution to A ? that was more than a factor of 10 too large.
The spin-orbit coupling contribution with the LR ZORA methodw as, as previously mentioned, calculated as ap erturbation through first order,t hat is, by linear response theory,o n top of as calar relativistic result. This approach, which neglects higher order corrections, is only applicable if the perturbation, that is, the spin-orbit coupling, is small comparedw ith the energy differenceb etween the ground and excited states. [8, 13, 19] Therefore, we have calculatedt he excitation energies in complex [IrF 6 ] 2À (and [ReF 6 ] 2À for comparison) by using the implementation of unrestricted TDDFT and the scalar relativistic ZORAH amiltonian in ADF. [34] The two lowest excitation energiesf or both complexes calculateda tt he PBE0/QZ4P level are presented in Table 4 . The transitions were assigned by inspection of the corresponding eigenvectors. The symmetry labels of the molecular orbitals were assigned on the basis of the irreducible representations in the D 4h point group.
In agreement with as implistic ligand field picture, the lowest calculated excitation energy in the orbitally pseudodegeneratec omplex [ 2À when calculated as al inear response function. This behaviour was previously observed for actinides ystems, [13] but not to this extent. Notably,t his transition can only cause such an overestimation if the corresponding matrix elements over the perturbation operators are non-vanishing. In the present implementation in ADF,i ti s, to our knowledge, not possible to calculate transition moments of the PSO or spin-orbit operators, but we can at least investigatew hether they are symmetry allowed or forbidden.
The spin-orbit operator in Equation (10) containst he angular momentum operators (L ¼ r Â p), whichm ust transform like the rotationf unctions. Accordingly,i nt he D 4h point group, they transform in accordance with Equation (26):
Evaluating the direct products of the irreducible representations of the rotation functions andt he orbitals involved in the transitions (Table 4) showed that the second lowest transition in complex [ReF 6 ] 2À and the two lowest transitions in complex [IrF 6 ] 2À transform like the rotation functions R x and R y . This means that the transition moments over the corresponding components of the angular momentum operatorsa re symmetry allowed. Inspection of the principal values of the hyperfine coupling tensor of complex [IrF 6 ] 2À that was calculated with the LR ZORA method (Table 3) showed that it is indeed the perpendicular component,w hich corresponds to the x-a nd ydirections, that is drastically overestimated. 38.3%
The tetragonal symmetry imposed on the two ions by the Zn(viz) 4 2À ion, in which the spin-orbit coupling contribution was calculated by perturbation theory,t he perpendicularcomponent of theh yperfine coupling tensor waso verestimated by around oneo rder of magnitudea nd theo pposites ignw as predicted fort he parallel componentr elativet ot he DKSm ethod. This breakdowno fap erturbationt heoryt reatment throughf irst ordero ft he spin-orbitc ouplingi sd ue to av erys mall energy difference betweent he ground andf irst exciteds tates, whichi s caused by the tetragonal symmetry that is imposed on the ion in combination with the presence of large spin-orbit coupling.
For complex [ReF 6 ] 2À ,t he 2-component LR ZORA and 4-component DKS methods reproduced the perpendicular component of the hyperfine coupling tensor in good agreement with the experimental values, but theys ignificantly underestimated the parallelc omponent. Thea greement with the experimental isotropic value for complex [ReF 6 ] 2À was improved further by increasing the amount of Hartree-Focke xchange in the PBE0 hybrid functional. However,t he anisotropyo ft he hyperfine tensor,w hich was found in experimental results, was not reproduced by either the LR ZORA or the DKS method, regardless of the amount of Hartree-Focke xchange.
Overall, the LR ZORA method only applies to systemsw ithout low-lying excited states ([ReF 6 ] 2À ), and the current implementation of the EV ZORA approachc an only be used fors ystems with one unpaired electron ([IrF 6 ] 2À ). However,t he DKS methodp roduced reasonable results for both systems and allowed for an investigation of the individual contributions to the hyperfine couplingt ensor.
